Introduction
Copper is toxic to life at levels that vary depending on the organism. Humans are mandated to not exceed 1-2 mg/L copper in their drinking water (1, 2) , while some freshwater animals and plants experience acute toxic effects at concentrations as low as 10 µg/L (3). Because the human food chain begins with plants, it is critical to understand how plants tolerate heavy metals including copper, which is frequently concentrated in soils as a result of pesticide application, sewage sludge deposition, mining, smeltering, and industrial activities. This issue is also at the crux of applying phytoremediation approaches, which use green plants to decontaminate or contain polluted soils and sediments and to purify wastewaters and landfill leachates (4) .
Metal-tolerant plants inhibit incorporation of excess metal into photosynthetic tissue by restricting transport across the root endodermis (stele) and by storage in the root cortex (5) . In contrast, hyperaccumulating plants extract metals from soils and concentrate excess amounts in harvestable parts such as leaves. Copper detoxification seems to be linked to mechanisms that bind Cu to molecular thiol (SH) groups. Cysteine-rich peptides, such as phytochelatins which transport copper to the shoot, increase in response to high cellular levels of Cu (6, 7) , and Cu-S binding occurs in roots and leaves of Larrea tridentata (Creosote bush) (8) . However, an unidentified copper species, concentrated in electron-dense granules on cell walls and some vacuole membranes, appears to be the main morphological form of copper sequestered in Oryza sativa (rice), Cannabis sativa (marijuana), Allium sativum (garlic), and Astragalus sinicus (Chinese milk vetch) (9) (10) (11) (12) .
Plants take in and exclude elements largely at the soil-root interface within the rhizosphere, i.e. the volume of soil influenced by roots, mycorrhizal fungi, and bacterial communities (13) . Deciphering processes that control the bioavailability of metals in the field is difficult because the rhizosphere is compositionally and structurally complex. Here we report on using synchrotron-based microanalytical and imaging tools (14) to resolve processes by which metaltolerant plants defend themselves against excess cationic copper. We have mapped the distribution of copper in selfstanding thin sections of unperturbed soils using micro-Xray fluorescence (µ-XRF) and identified structural forms of copper at points-of-interest (POIs) using micro-extended X-ray absorption fine structure (µ-EXAFS) spectroscopy and X-ray diffraction (µ-XRD). Because only a few small areas could be analyzed in reasonable times with microanalyses, the uniqueness of the microanalytical results was tested by recording the bulk EXAFS spectrum from a sample representing the entire rhizosphere and by simulating this spectrum by linear combination of copper species spectra from POIs.
We investigated copper speciation in rhizospheres of Phragmites australis (common reed) and Iris pseudoacorus, two widespread wetland species with high tolerances to heavy metals (15) . P. australis is frequently used to treat wastewaters (16) because it can store heavy metals as weakly soluble or insoluble forms. Its roots can be enriched in Cu 5-60 times relative to leaves, with large differences among ecotypes and between field-grown versus hydroponically grown plants (17, 18) . To take into account natural complexity, including any influence of bacteria, fungi, or climate variation, our experiment was conducted outdoors, rather than in a greenhouse on seedlings using ex-solum pots or hydroponic growth methods. The soil was from the Pierrelaye plain, a 1200 ha truck-farming area about 30 km northwest of Paris, France. From 1899 to 1999, regular irrigation of the Pierrelaye plain with untreated sewage water from Paris caused contamination with heavy metals, mainly Zn, Pb, and Cu (19) . Such pollution is pervasive worldwide because increasing populations and associated economic growth are diminishing available freshwater, thus leading to increased irrigation of farmlands with wastewaters.
Experimental Methods
Field Experiment. A detailed description of the phytoremediation experiment is given in Supporting Information.
X-ray Fluorescence. Elemental distributions in the initial soil and rhizospheric soils vegetated with P. australis and I. pseudoacorus were mapped by scanning several 30-µm-thick thin sections under a 10.0 keV (vegetated soil) or 13.05 keV (unvegetated soil) micro-X-ray beam while recording the X-ray fluorescence. The soil is rich in organic debris from past agricultural activity which causes it to be optically inhomogeneous over a few to several hundreds of micrometers. Therefore, both coarse and fine µ-XRF maps were recorded at resolutions from 35 × 35 µm 2 to 4 × 4 µm 2 using a beam dimension adjusted from 16 (H) × 10 (V) µm 2 to 5 (H) × 5 (V) µm 2 to match the step size. The counting time per pixel was 100 ms at 10.0 keV and 200 ms at 13.05 keV. The scanning speed was fast enough to prevent alteration of the initial Cu speciation by beam damage.
EXAFS Spectroscopy. In the µ-EXAFS measurement, the organically bound Cu species evolved over 30-45 min due to the instability of organic matter to intense X-ray radiation.
Radiation damage was minimized by reducing scan times to 20 min per analyzed area and moving the sample by 15 µm along the direction of an organic particle to access fresh material for every scan. Caution was taken that all individual spectra averaged out before summing to improve statistics. For bulk EXAFS measurements, samples were frozen at 10 K. All spectra were recorded in fluorescence-yield detection mode, except those from the Cu grains (µ-EXAFS), which were recorded in transmission mode.
X-ray Diffraction. Diffraction patterns were recorded in transmission mode with a Bruker 6000 CCD binned to 1024 × 1024 pixels.
Results and Interpretations
X-ray Fluorescence. In the initial soil, copper occurs in two morphological forms (Figure 1a) . One form decorates coarse organic particles that have some recognizable structures from reticular tissue (insert in Figure 1a) , and the other occurs in the fine clayey matrix in areas that show organic particulate shapes only at high µ-XRF resolution. In the two phytoremediated soils, similar Cu-organic particulate associations, but also, hot spots of Cu grains 5-20 µm in size were observed in the thin-section maps (Figure 1b-d) . In the rhizosphere of P. australis, the Cu hot spots exist outside and in roots and specifically in cortical parenchyma, but not in central vascular cylinders from the stele that contain vascular bundles through which micronutrients are transported to reproductive and photosynthetic tissues. In contrast, the main roots and rhizome of I. pseudoacorus do not contain detectable Cu grains, but in the surrounding soil Cu grains are aligned, suggesting that they are associated with biological structures. Under an optical microscope filamentous and ramified organic structures, similar to root hairs or hyphae from endomycorrhizal fungi, are visible in places where the Cu spots were observed by µ-XRF (Figure 1e , Supporting Information). Fungal forms are more likely because mycorrhizal hyphae typically are anastomosing, whereas root hairs are not. Fungi may also be implicated in the formation of Cu grains in the cortex of P. australis since roots of this plant are known to be colonized by arbuscular endomycorrhizae in contaminated environments (20) . These hypotheses are consistent with the capacity of mycorrhizae to accumulate metals (21-23) and with the storage of Cu in secondary feeder roots of the water hyacinth Eichhornia crassipes (24) . The Cu grains have about the same size as the electron-dense Cu granules (∼2 µm) in cells of E. splendens placed in a CuSO4 solution for 30 days (12) . EXAFS Spectroscopy. Organic Cu. While biological activity clearly modified the original distribution of Cu in the rhizospheres, the Cu species could not be identified from the µ-XRF maps but instead were elucidated using EXAFS spectroscopy. All eight µ-EXAFS spectra from areas in the original soil containing the particle morphologies and chemical compositions observed with µ-XRF can be superimposed on the soil's bulk EXAFS spectrum (Figure 2a) , indicating that the initial Cu speciation occurred uniformly. If the initial soil contained various assemblages of Cu species that were distributed unevenly, then we might expect that the proportions of species also would have varied among analyzed areas and been detectable by µ-EXAFS spectroscopy (25); however, this was not observed. These spectra match those for Cu 2+ binding to carboxyl ligands in natural organic matter, as commonly observed (Supporting Information).
Elemental Cu. In contrast, only the reference spectrum of elemental copper (Cu 0 ) matches the µ-EXAFS spectra of the 12 hot-spot Cu grains, which are statistically invariant ( Figure  2b , Supporting Information). Photoreduction of Cu 2+ in the X-ray beam cannot explain the formation of Cu 0 because (i) no elemental Cu was detected in the initial soil by powder and µ-EXAFS, and (ii) Cu 0 was detected in the two phytore- 151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176   177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202 mediated soils at 10 K by bulk EXAFS, and all individual spectral scans from the same sample could be superimposed. At 10 K, radiation damage is delayed (14) , and if Cu had been reduced in the beam, the proportion of Cu 0 would have increased from scan to scan which was not observed.
Spectra for rhizosphere Cu grains and reference metallic copper have the same phase and overall line shape, but they have significant differences in fine structure and amplitude, which provide details about the nature of the Cu grains. In the soil Cu grains, shoulders at 5.8 and 7.3 Å -1 are weak and the spectral amplitude is reduced by about 35% and attenuated, relative to metallic copper. The decreased amplitude of the EXAFS signal for the Cu grains relative to well-crystallized metallic copper cannot arise from overabsorption (14) because the spectra of the grains were recorded in transmission mode and because the amplitude reduction from overabsorption would be uniform in R-space, as demonstrated for ZnS and MnO2 particles (26, 27) , which does not occur in this case.
Derived radial structure-functions share the four-peak character of Cu metal (28) (Figure 2c ). However, long-distance pair correlations (i.e., the high-frequency components in k space) are progressively diminished in the soil spectra, indicating multiple interatomic distances (structural disorder), reduced coordination numbers (CNs) from small particles (size effect), and/or abundant microstructural defects, such as grain and twin boundary dislocations or atomic-scale vacancies.
Simulation of the data using multiple-scattering ab initio FEFF calculations showed no evidence for structural disorder (Supporting Information). Good agreement between calculated and observed spectra was obtained with a first nearestneighbor shell (1NN) of 7.8 Cu atoms at 2.55 Å, a second shell (2NN) of 2.7 Cu at 3.61 Å, a third shell (3NN) of 9.2 Cu at 4.43 Å, and a fourth shell (4NN) of 3.9 Cu at 5.11 Å, compared to 1NN of 12 at 2.55 Å, 2NN of 6 at 3.61 Å, 3NN of 24 at 4.43 Å, and 4NN of 12 at 5.11 Å, in crystalline Cu metal. The meansquare displacement of bond length parameter (σ 2 ), a measure of disorder, converged in the simulated spectra to the same value as in the Cu metal reference (0.01 Å 2 ) showing that Cu-Cu bonds vary in length by the same amount in the soil grains and reference.
Although the rhizosphere Cu grains are not structurally disordered, their CNs are only 65% (1NN), 45% (2NN), 38% (3NN), and 32% (4NN) of those in the Cu metal spectrum, indicating that structural order is limited in extent. The lower CN values are consistent with small particles having incompletely coordinated surface atoms. If closed-shell packed and monodispersed, these particles would have a minimum size of 10-15 Å assuming a spherical cuboctahedron shape and 15-20 Å assuming a hemispherical shape, as reported for nanoscale platinum particles (29) . If Cu atoms were missing (e.g., atomic vacancies), as reported for Fe metal powders with a first-shell CN reduced by up to 50% of that in metallic Fe, the effective particle size could be as high as ca. 100 Å in diameter (30) . A defective nanoparticle model is appealing because the surface area-to-volume ratio increases with only a lattice-vacancy parameter.
Constitutive nanoparticles in the micrometer-sized Cu grains are joined at particle or so-called grain boundaries, which might contain stabilizing organic molecules. Complexation of Cu to sulfur ligands in the interparticle or surficial regions is unlikely because a low-R Fourier component from Cu-S pairs at 2.2-2.3 Å was not observed on the radial structure-function (8) . Also, the first Cu-Cu distance of 2.56 Å in the Cu nanoparticle is shorter than the distance of 2.70-2.90 Å reported for Cu-thiolate clusters (8, 31) and matches only that in elemental copper. In addition, organic S or P was not observed in the Cu grains using scanning electron microscopy-energy dispersive X-ray fluorescence (SEM-EDX) in agreement with observations on electrondense Cu granules in plants using electron energy loss spectroscopy (EELS) and EDX (10, 12) . Complexation to oxygen ligands is possible because EXAFS has relatively low sensitivity to low-Z atoms. However, linear combinations of experimental spectra for organically bound Cu 2+ and nanometallic Cu show that the fraction of potential organic Cu in the Cu grains is less than 15%, if present at all (Supporting Information).
Amounts of Organic and Elemental Cu in the Rhizospheres. Composite bulk EXAFS spectra of the two remediated soils and spectra from the two species identified by µ-EXAFS (Figure 2d ) intersect at the same k values, confirming that only two main Cu species exist in both rhizospheres. Fractional amounts of organically bound Cu from the original soil and metallic Cu formed during phytoremediation were estimated by reconstructing the bulk spectra with linear combinations of the two single species spectra. The best fit for the rhizosphere of P. australis was obtained with 75 ( 4 larger particles would be needed to produce these XRD patterns, but they would comprise only about 0.01% of the analyzed volume (Supporting Information). Thus, the diffracting Cu hot spots may have sufficient big particles to yield a powder ring, but they are not enough for their 2NN, 3NN, and higher Cu-Cu shells to contribute significantly to the EXAFS signal. Also, the big particles are undetected by µ-EXAFS because EXAFS signal intensity is linearly proportional to the number of atoms whereas XRD intensity is proportional to the number of atoms squared.
Discussion

Mechanism of Cu
2+ to Cu 0 Reduction. The rhizospheres were oxidizing as indicated by the presence of iron oxyhydroxide (goethite), absence of sulfide minerals, and the fact that P. australis and I. pseudoacorus are typical wetlands plants with aerenchyma that facilitate oxygen flow from leaves to roots (32) . Thermodynamic calculations using compositions of soil solutions collected below the rhizosphere indicate that Cu + and Cu 2+ species should have been dominant (Supporting Information). These points along with the occurrences of nanocrystalline Cu 0 in plant cortical cells and as stringer morphologies outside the roots together suggest that copper was reduced biotically. Ecosystem ecology of the rhizosphere indicates synergistic or multiple reactions by three types of organisms: plants, endomycorrhizal fungi, and bacteria.
Normally, organisms maintain copper homeostasis through cation binding to bioactive molecules such as proteins and peptides. When bound, the Cu 2+ /Cu 1+ redox couple has elevated half-cell potentials (33) that facilitate reactions in the electron-transport chain. Even though average healthy cell environments are sufficiently reducing (34) , there are enough binding sites (35) to maintain copper in its two oxidized states. Copper is also important in controlling cell-damaging free radicals produced at the end of the electron-transport chain, for example in the superoxide dismutase enzyme Cu-Zn-SOD, which accelerates the disproportionation of superoxide to O2 and hydrogen peroxide. However, unbound copper ions can catalyze the decomposition of hydrogen peroxide to water and more free radical species. To combat toxic copper and free radicals, many organisms overproduce enzymes such as catalase, chelates such as glutathione, and antioxidants (36) . Mineralization   203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272   273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304 could also be a defense against toxic copper, but reports of Cu + and Cu 2+ biominerals are rare; only copper sulfide in yeast (37) and copper oxalate in lichens (38) and fungi (23) are known. Atacamite (Cu2(OH)3Cl) in worms (39) does not appear to result from a biochemical defense.
Biomineralization of copper metal may have occurred by a mechanism analogous to processes for metallic nanoparticle synthesis that exploit ligand properties of organic molecules. In these processes, organic molecules are used as templates to control the shape and size of metallic nanoparticles (40, 41) formed by adding strong reductants to bound cations. For copper nanoparticles and nanowires, a milder reductantsascorbic acidshas been used. Ascorbic acid, a well-known antioxidant, reduces Cu cations to Cu 0 only when the cations are bound to organic substrates such as DNA in the presence of oxygen in the dark (42) or via autocatalysis on Cu metal seeds in the absence of stabilizing organic ligands (43) . As an example of synthetic control, pHdependent conformation of histidine-rich peptides has led to larger nanocrystals of Cu 0 at pH 7-10 than at pH 4-6 (44). Plants produce ascorbic acid for many functions (45) and rhizospheres often contain the breakdown products of ascorbic acid, which facilitates electron transfer during mineral weathering (46) . Plants produce more ascorbic acid when grown in soils contaminated with heavy metals including copper (47) . Fungi, which proliferate over plants (48) and bacteria (23) in metal-contaminated soils, can stabilize excess copper (49) by extracellular cation binding or oxalate precipitation (23) , but mechanisms probably also require enzymes, thiol-rich proteins and peptides, and antioxidants (23, 48, 50) . The formation of electron-dense Cu granules within hyphae of arbuscular mycorrhizal fungi isolated from Cu-and As-contaminated soil (51) suggests that fungi also can produce nanoparticulate copper.
Some copper reduction possibly occurred in response to the European heat wave of the summer of 2003 (Supporting Information). Elevated expression of heat shock protein HSP90 and metallothionein genes has been observed in hyphae of an arbuscular mycorrhizal fungus in the presence of 2 × 10 -5 M CuSO4 in the laboratory (52) . This suggests that a single driving force can trigger a biological defense mechanism that has multiple purposes. Thus, reduction of toxic cations to native elements may increase as rhizosphere biota fight metal stress and stresses imposed by elevated temperatures expected from global warming.
Reduction of Other Metal Cations to Their Metallic Forms. Laboratory evidence has shown that plants (53) (54) (55) , fungi (23, 56, 57) , bacteria (58) , and algae (59) can transform other more easily reducible metals, including Au, Ag, Se (as H2SeO3), Hg, and Te, to their elemental states both intraand extracellularly. When mechanisms have been proposed, they typically have involved enzymes; however, ascorbic acid was implicated when Hg 2+ was transformed to Hg 0 (g) in barley leaves (60) . Theoretically all of these metal cations could be transformed by a reducing agent weaker than ascorbic acid (Table S1 in Supporting Information). However, binding appears to stabilize cationic forms in the absence of a sufficiently strong reductant such as ascorbic acid. Processes used in materials synthesis that were developed with biochemical knowledge might yield clues to other possible, but presently unknown, biologically mediated reactions in different organisms.
Natural Occurrence of Cu 0 and Environmental Implications. The discovery of nanoparticulate copper metal in phytoremediated soil may shed light on the occurrence of copper in peats. Native copper likely forms abiotically in the reducing acidic environments of Cu-rich peat bogs (61) . However, swamps by definition are more oxidizing with neutral to alkaline pHs, and they may be ideal sites for biotic formation of metallic Cu nanoparticles. For example, in swamp peats near Sackville, New Brunswick, Canada, copper species unidentifiable by XRD were dissolved only with corrosive perchloric acid (61), suggesting they may have been nanoparticulate metal formed by active root systems of swamp plants. If swamp peats evolve to bog peats the Cu reduction mechanism could convert to autocatalysis on the initial nanocrystals (43) . The addition of peats that either act as templating substrates or contain nanoparticulate copper could enhance the effectiveness of using wetlands plants for phytoremediation. In contrast to harvesting hyperaccumulators, the oxygenated rhizosphere would become an economic source of biorecycled copper, and rhizosphere containment would prevent copper from entering the food chain via herbivores, limiting potential risks to humans. 419  420  421  422  423  424  425   426  427  428  429  430  431  432  433  434  435   436  437  438  439  440   441   442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491   492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573 
